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EFFECT OF COMPOSITION ON STRESS CORROSION CRACKING OF
AUSTENITIC STAINLESS STEELS IN SEVERAL CONCENTRATIONS
OF BOILING MgCl, SOLUTIONS

Masamich! Kowaka and Takeoc Kudo,

Central Research Labonatories, Sumitomo Metal
Industries, Ltdi, Amagasakl, Japan

l. Introduction

Numerous research results have been reported in the past
concerning stress corrosion cracking of austenitic stalnless
steels in high concentrations of chloride solutions. DMost of
these have used boiling 42% MgCl, solutions! (154°C) as the ac-
celerating test liquid, and there are few studlies which have
studled the cracking susceptibility of materials with attention
focused on the environmental factors. Nevertheless, in view of
the fact that stress corrosion cracking is a phenomenon which cec-
curs when there are interrelations between the material factors,
the stress factors, and the envirconmental factors, especially
between the material factors and the environmental factors, it
would be extremely problematical to make an evaluation of the
cracking susceptibility of a material without taking the environ-
mental factors into consideration. For example, it has been
clearly established that in a boiling 42% MgCl, solution, Ni, C,
and S8i reduce remarkably the cracking susceptibility [1-7].
However, in certaln actual environments, the cracking suscepti-
bility is not necessarily reduced even when the Si contents are
inecreased. This fact indicates that the environmental factors
cannot be ignored in evaluating the cracking susceptibility cof
materials.

! 4 sclution with a boiling point of 154°C has a concentration of
45%. However, thls expression has heen adopted here in ac-
cordance with conventlional usage.

¥ Numbers in the margin indicate pagination in the foreign text.



Therefore, in this report we investigated the effects of
the component elements on stress corrosion cracking of austenitile
stalnless steels 1in bolling MgCl, solutions with varlous concen-
trations and studied thé manner in which the effects of the
component elements differed dépénding on the corrosion properties
of the solution. At the same time, we considered the significance
of using bolling 42% MgCl, solutlons as a testing solution for
accelerating stress corrosion cracking.

II. Materials Tested and Experimental Methods

1. Materials Tested

In order to examine the effects of the component elements,
the following alloysawerecmelted using a hilgh-frequency induction
furnace: those consisting basically of 18Cr-10Ni and varying
the contents of €, Cu, N, P and #iinute amounts of Mo; those
consisting basically of 17Cr-13Ni and varying the contents of 31
and Mc; those consisting basically of 18Cr and varying the Ni
contents; and those consisting basically of 10Ni and varying the
Cr contents. Furthermore, since P remarkably increases the
cracking susceptibility in a boiling 42% MgClp, solution [8],
the P contents were adjusted so that it would be possible to ob=
serve the effects of the target components. The test pléces were
first forged and hot rolled into plates 7 mm thick and then cold
rolled to a thickness of 4.9 mm. Thenvthey were given solution
heat treatment at 1100°C x 30 min WQ, and tension type test pleces
measuring 3 x 20 mm at their parallel parts were produced. For
the SUS 304, 316, 321, and 347 stalnless steels sold on the
market and the Carpenter 20 steel, tenslon type test pieces as
well as strip-shaped test pleces measuring 2 x 10 x 75 mm were
similarly produced. After these test pileces had been polished
with #0 emergy paper, they were glven stress rellef annedling gt
1100°C x 10 min AC for the purpose of eliminating the effects
of the machining. Furthermore, some of the strip-shaped test



pieces were given sensitlzation treatment at. 650°C x 5 hours AC. /1321
Subseguently, in order to remové'the surface films, the strip-

shaped test pleces weré polished lightly with #0 emery paper, and

the tension type test piéces wére'electropolished In an aqueous
solution of phospheric acid, sulfuric acid, and chromic acid.

Then they were tested. The chemical composlitionsngf the test

pleces are shown 1in Table 1, where are also glven the tensile

strengthhaddisproof strength measured using the tension type test
pleces,

TABLE 1. CHEMICAL ANALYSES AND MECHANICAL
PROPERTIES OF STEELS

: . oz

Chemical comyposition [wi?, Tennile
‘l Alloys i ! e sllr){-:::th sirength
.- : - : co ' by - kg mm?)
! ¢ S§ MaT Ca Ni Cr Mo N (nhps (kgemund; b :
i . -
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1 Si-1 9.0 0.48 1.55 0013 . oul 16 K3 ol Lol a2 2R
Ni-2 054 2.28 1.51 Qs - 0.M T.0r 001 0012 23.0 5.9
Cu-1 G06 034 147 0.4 < 0.0 1783 oian) 00N 22.6 .6
Cu-2 B.08 046 1.41 Q012 +.07 18,00 ~<0.m1 0.016 19.5 51.%
Ni-1 067 050 1,42 vl 9.0 1837 ).mE 01052 n.2 53.7
y Ni-2 o.0% 053 1.52 0wl 6.0l 18.40 0.0 00N .2 53.2
! Cr-1 906 046 13 00l <ol 18562 ~0.m] 0015 24.0 fu) ¥
! Ce-2 008 046 138 02 S0 19.6% -~ 0.} - 0.CIS 25.0 4.5
! Mo-1 G048 - 15 1,42 0.0 . < 0.0) a0 0.2 16.3 53.4
) Mo-2 Wit (L3614 a0 T 088 02 15.9 5.7
i AMo-3 043 048 1.29 006 T 0N 16.78 1. (3.0vA 17.7 :}2.#
; N-1 ond 052 1.54 0487 <001 CIT.RZ ;. 0o 0.028 21.2 :ﬁg
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2. Experimental Methods ORKHNAl‘pA

The stainless steels available on the market were made into
strip~shaped test pleces and given pretreatments as outlined
above. These test pleces were bent in a U shape and constrained



for 5 mmw Then they were immersed in a 20-45% bolling MgCl,
solution and tested. They were checked for cracking at sultable
time tntervals. The concentration of the solution was adjusted
by means of the boiling point. The tésting time was 300 hours.

The effects of the component elements were studied by means
of the tension type test pleces. Thelir cracking time was measured
in boiling MgCl, sdlutions of various concentrations, The stress
applied was mostly 25 kg/mmz. For the 304 and 316 steels, we
also measured the temporal changes in the natural potential after
the sftress had been applied. Saturated caomel electrodes were
used as the reference electrodes. In cases when a saturated
MgCl, solution at room temperature was used and when the test
liquid had a concentration of less than 35%, the measurements
were made through a MgCls sclution at room temperature having the
same concentration as the test liquild.

ITI. Experimental Results

1. 3tress Corrosion Cracking Susceptibility of Stainless Steels
on the Market

(1) Effeects of Concentration of Boiling MgCl, Solution

The U-bhend method was used to study the effects of the con-
centration of the boliling MgCl, solution on the stress corrosion
cracking of stainless steels sold on the market which had been
glven solution heat treatment or sensitization treatments. The
results are as shown in Table 2. When the 304, 321, and 347
steels were given solution heat treatment, the lower limits of th/1322
the MgCl, concentration at which cracking occurred were 20-25%.
On the other hand, the lower 1limlt of concentration for the 316
steels, which have a high corrosion reslstance, was 35%. 1In
the case of the Carpenter 20 steel, cracking(JCCﬁrreaonly in a
45% MgCl, solution. There were almost no changes 1in the lower
concentration limits for cracking when the steels were given



TABLE 2, EFFECT OF CONCENTRATION OF BOILING MgCl,::SOLUTIONS ON
STRESS CORROSION CRACKING OF COMMERCTAL ALLOYS -
BY U<BEND METHOD

o o " Cracking time (ur} and (racture mode.
iy i Allys ! : -
| treatment ¢ | 4525 MeCl, ; 402 MeCly | 3525 MeCl, | 30% MgCy, | 252 MeCl, | | 209 MxCly
| : i . i m T | <3008, T
304 (a) ¢ <5, T <m I <2, T <m. ! <l <
S 3w&$ | <N, T | ST | <0, T t ¢. { NC
Solution an !5, T ézo, T §| <2, T 220 'l‘ ! :;100. T | <300%,
treatment 347 H 5, T | <20, T | N, T . {100, T R'.c
. Carpenter 20 | <80, T ! N.C N.C. . | NG N
; } o : L b o<o0, t | <10, TIF <100, TI
- e i 304 {2} i <5, T ! £, <20, TV L0, & e
- itiztion | 3l6g@ <, T <50, T | <20, Ty N.C. UN.C.
&mmmmn!tmwﬁ%m §<m,T | N i N.C. ] N.C. l hc.! N.C.
L eracked _ .
Ezlv; T: p’?ﬁégnnular. 1: Intergranular, T : mixed crack, N.C.:not cracked in 300 hr test _

sensitlzaticn treatment, but grain boundary cracking was observed

In the
grain boundary cracking was included at concentra-

as the concentratlion of the MgCl, solutlons declined.
304 steels,
tions of 25% or less, and in the 316 steels, this was true with
35% Mgcl2. Crackling of 304 steel which had been given sensi-
tizing tieatment is shown in Photo 1.

The curves for the bolling point (concentration of bolling

MgCls solutions and the fracture time in 304
solution heat treatment are shown in Figs. 1
of 25 kg/mm® and 15 kg/mm?. At stress of 25
fracture time was displayed by the 304 steel
the 316 steel at about 150°C.
linear relationships sought by Edeleanu [2].

These results

and 316 steels given
and 2 for stresses
kg/mme, the minimum
at 140-150°C and by
differ from the

When the 3044and

the 316 steels are compared, no pronounced differences in the
fracture times can be observed at high temperatures, but at tem-
peratures of less than about 130°C, the stress corrosion ecracking
susceptibility of the 316 steel becomes remarkably greater than
that of the 304 steel. When the stress applied 1s 15 kg/mmz, the
situation 1s different from that when the stress 1s 25 kg/mmg.

That is,

at temperatures of more than about 150°C, the fracture

REPRODUCIBILITY OF THE
ORIGINAL PAGE IS POOR 5



times of the 304 steel and the 316 steel
are reversed, and 304 steel has a longer
fracture time.

ﬂQif When the curves for the bolling
point (concentration) of the boillng

R MgCls solutions and the fracture time of

i the 304 and 316 steelsg were sought, it

was clearly established that the minimum
value of the fracture time 1s displayed

at a definite boiling point. One may /1323
suppose that convex curves are plotted =z

at the bettom in this way because two
contradictory factors were added together.
Rooyen et al. [9, 10] measured the tem-
peral changes of the natural potential

while simultaneocusly performingonmicecro-

SRR T i observations. As a result, no cracking

Ch- AT

L T m
G Yt SR SRR N )

Pholo.] Sirvss eorrusivn cracking of

g‘f,“:,i“‘i}i;g“‘f;gjf;:,i’;‘;fsm‘ tential was reached. Therefore,

(a) 45% MeCl, B) W%MCl | tyey givided the fracture time into

two periocds, calling the periodubefore
the peak potential the "ihduction Hime" and the period after it
until fracture the "propagation time." The writers also measured
the natural potential and sought the induction time (t3) and the
propagation time (tp) for the 304 and 316 steels from the peak
potential. The typical temporal changes of the natural potential
in 304 steel after a stress of 25 kg/mm® was applied are shown

could be observed before the peak po-

in Fig. 3. As the boiling point (concentration) increases, the
peak potential rises, and a longer time is reguired to reach the
peak potential. The induction time, the propagation time, and
the fracture time for 304 and 316 steels sought from the temporal

REPRODUCIBILITY O THE
ORIGINAL PAGE IS POOR




Fig.1

Fig.2

(1)

10700 -

“'!ha.l'

tmp tea Frpitgre

] o 5 :lla :.‘w [ .4
Bacting  Purr 1)
i A Il
15 o"w a4
Concontrition 1ot L)

Fracture tune of 304{a’ and 318 /a) stainkm=
steels under the strew of 25 kg'mm? in
varius boiling point of MpCl, molutions

300y

fein}

o

Time e Freciare

ne e 152 w0 50 we
" Bamag Peist [}
s i

35 40 [7]
Concentrotinn (vt B}

Fracture time of 304{a) and 316 {a) stainkss

stecls under the stress of 15kg/mm? in |

various beiling point of MgCl, solutions

- J—

Effects of C

eracking susceptibility [4-T1].

changes of the natural potential
are shown in Figs. 4 and 5. 1In
both 304 and 316 steels, a longer
induction time is required as

the bolllng point (concentration)
On the other hand, the
propagation time declines as

the boiling point (concentration)

rises.

increases; at 160°C, it is

30240 min-in 304 steel or

100-150 min in 316 steel. The
fracture time 1s a combination of
both these times. In the final
results, 304 steel displays its
minimum fracture time at 140-150°C,
and 316 steel does so at about
150°¢C.

2. Effects of the Component
Elements

The

elements

effects of the component
on the stress corrosion
cracking in boiling MgCl, solu-
tlons of wvarious concentrations
were studied in materials given
solution heat treatment when a
stress of 25 kg/mm2 was applied.

In a boiling U42% MgCl, sclution, C causes a reduction of the

In this report, the base alloy

used was 18Cr-10Ni steel with the P contents adjusted at 0.014% --
it belng known that the P content: exerts a remarkably adverse
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influence on the cracking sus-
ceptibility [8], Studies were
made of two alloys with C
contents of 0.032% and 0.11%.
The results are shown in Fig. 6.
Stainless steel with 0.032% C
content.: displays the minimum
fracture time at a temperature
of about 140°C. On the other
hand, when the C content is
increased to 0.11%, the minimum
fracture time is displayed at
about 135°C, and the cracking
susceptiblility in boiling

Mg012 scolutions of higher than
140°C and lower than 125°C is
remarksbly reduced. However,
no effect of C can be observed
at temperature of 125-140°C.

(2) Effects of Si /1324

Si is an element which
remarkably reduces the cracking
susceptibllity 4n a boiling
42%uMgCls solution [L-7], and
variousi:steélsuwith a high Si1
content which are resistant to

stress corrosion cracking have beenidevelopedw:idn this report,

we studied two types of steel, consisting basically of 17Cr-13Ni
steel with Si contents of 0.49% and 2.28%. The results are shown
in Fig. 7. The stalnless steel with a 0.49% Si content displays
its minimum fracture time at about 140°C. On the other hand,
when the 81 content is 2.28%, the boiling polnt displaying the
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minimum fracture time is lower
(approximately 130°C), and the
cracking suscéptibility becomes
remarkably small in boilling

MgCl, solutions of 143°C or higher.
However, no pronounced effects

of 81 can be observed at tem-
peratures of less than 130°C.

(3) Effects of Cu

The effects of Cu were studied
in two types of steels, consisting
basically of 18Cr-10Ni steel with
Cu contents of <0.01% and 1.07%.
The results are shown in Fig. 8.
In hoth steels, there is the
minimum fracture time at about
150°C, and no pronounced effects
of Cu can be observed at tempera-
tures above 125°C. It is believed
that thls 1s because the adverse
effects of Cu did not appear in the
difference in cracklng suscepti-
bility since there was a somewhat
high content of P, which functions
to increase greatly the cracking
susceptibility 1in MgCls solutions
of a high concentration [8]. On
the other hand, at temperatures
lower than 125°C, Cu is observed
to have a tendency to reduce
the cracking susceptibility.
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te Frectyre

of steel consisting basically of
18% Cr with N1 contents of 10.25%,
13.33% and 18.63%. The results

are shown in Flg. 9. The stainless
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. Baitiag Peint 1°C) steel with 10.25% Ni and that with
ﬁ«m;&.rﬂz 13.33% Ni display their minimum
Fig.7 Effect of silicon content ol 17 L ome fracture time at 140-150°C. Iner

o fracture curves in MgCL sclutions

at 25 kg/mmt _ creases in the Ni content cause

reductions of the cracking sus-
e ceptibility, but this effect is
most pronounced at 145-155°C, while
the effect of N1 is no longer pro-~

nounced at temperature of less
than 130°C. When the Ni content:
increases further to 18.63%, the
cracking susceptlbility will de-

ray

crease remarkably.

tme tg Fracters
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ig.B Effect of copper content of 18Cr-10Xi
Fie stainless steels on the boiling point-time effects of the Cr content® on stress
géﬁgg;?“ﬁ‘"hwa’”“m“‘ corrosion cracking, we studied two

types of steel consisting basieally
of 10% Ni, with Cr content of
15.62% and 19.85%. They were studled in boiling'Mg012 soclutions
of various concentration. The results are shown in Flg. 10. The
stainless steel with 19,85% Cr displays its minimum fracture time
‘at about 150°C. On the other hand, when there 1s a 15.62% Cr
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contentythe minimum fracture time is /1325
displayed at about 130°C, and there
Is a pemarkable reduction of the
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fminl

cracking susceptibllity in bolling
MgCl, solutions of 42% or higher.
However, no pronounced effect of

Cr can be observed at less than
130°C.
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of 17Cr-13N1 steel, with Mo con-
tents of <0.01%, 0.96%, and 1.96%.
The results are shown in Fig. 11.
The stainless steel with <0.01% Mo
\ breaks at about 140°C, while
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Eme | cracking does not occur at higher
fsm: woxe\ | . o or lower temperatures than this,
s} N 7 and a high resistance to stress
1o} : corrosion cracking susceptibility is
i displayed. However, this 1s so

20 130 0] 53¢ .. 160

Bornen Prinr (%1 because there 1s a low P content
EH] @ 45 . .
Coocentration fwt %4 (0.006%), which is known to re-

Fig.10 Effect of chromium content of Fe-10Ni
base stecls on the hoiling point-time to
fractare curves in MgCl, solutions at
25 kg/mm?

markably increase the cracking
susceptibility, in comparison with

= the sfalnless steels sold on the
market [B]. When the Mo contents

are 0.96% of 1.96%, the cracking susceptibility at high tempera-

tures will increase rapidly, and the boiling peoints displaying

the minimum fracture time will be 150-~160°C. However, when the

0,96% Mo steel and the 1.,96% Mo steel are compared at temperatures

11l



1 of less than 130°C, the stalnless

|
K00 H .
3 ii i_ 3 steel with the higher Mo content
= |} oo has a remarkably improved resis-
H | <, ] .
< l' tance to stress corrosion cracking

Time to Frocture

. J\ susceptibility.
4 131 0 &
=} \&'\r R
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Nl 3 The effects of N were studied
AT R . for two types of steel consisting

ité ST
:‘:m .; s basically of 18Cr-10Ni steel, with
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.11 Etect of motybdenum content of 17 Cr- N contents of 0.028% and 0.299%.
8% snios sk on W bl | They were studied in boiling NgClp

solutions at 25 kg/mm?

- solutions of wvarious concentrations.
The results are shown in Fig. 12.
Since the stainless steel with a
0.028% N content has a low content
of impurlties such as P or Mo,

cracking dces not occur at higher

{min}

. ; than' 147°C, but fracture occurs
g ;Z at 130-140°C. On the other hand,
i ‘ ?\\\h;/'. in the stainless steel with a
£ oLy 0.299% N content, the boiling point
rels i - dlisplaying the minimum fracture
. time shifts towards the hlgher

¢ 130 i 15.0 w
Bouviny Prar (6] temperatures {(about 150°C), and

45 €0 o
' Coscentratran lut 3} fracture occurs within a short
Fig-12 ;ﬂg;ctofmgmm‘;f;ﬁ; time in a bolling 42% MgCl, solution.

to fracture curves in MgCly solutions
at 25 kg/mm?

- - (8) Effects of P and Minute
T Quantities of Mo

The stainless steels sold on the market ordlnarily contain
about 0.02% P and 0.05-0.3% Mo as impurities., It has also been
clearly established that these impurities such as P and minute
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guantities of Mo remarkably ilncrease
the cracking susceptibility in
bolling 42% MgCl, solutions [7, 8].
In this report we studied the ef-
feets of P and minute quantities of
Mo 1n three types of steel con-
sisting basically of 18Cr-10Ni

steel with the feollowing impurities:

{on )

Fime 1o Fracture

& L0006P, <001 Mo }

00 & (0023P, 0005 e } (0.006% P, <0.001% Mo), (0.023% P,
ot € (00027, 00 e }
- | I 0.005% Mo}, and (0.002% P, 0.10% Mo).
30 MG o 60
P sinn Pont %1 The results are shown in Fig. 13. /1326
’c’mnn:':in m;': . The steels with reduced P and Mo
Fig.13 gﬁ::tfﬁ%:ﬁﬁﬁfgﬁﬁ;ﬁ:ﬁ contents will undergo fracturing at
iti int-time to fracture -
2ngimy§ﬁmﬁeatﬁ_wm’ 138°C (40% MgClp) but will become

rapidly immune to cracking at tem-
peratures higher or lower than this.
They are lmmune in the bolling 42% MgCl, solutions which are com-
monly used as testing solutions accelerating stress corrosion
cracking. On the other hand, 1n stainless steel containingt
0.023% P or 0.10% Mo, the bolling point displaying the minimum
fracture shifts towards the higher temperatures (140-150°C), and
the cracking susceptibillity wlll become remarkably high in boiling
42% MgCl, solutions. The adverse effects of P and minute quan-
tities of Mo are especially pronounced at temperatures higher

than 140°C,

IV. Discussion

When the effects of the concentration of the bolling MgCl,
solution on stress corrosion cracking of the stainless steels
available on the market were studled, it was observed as a result
that, as the concentration of the boiling MgCls solutions de-
creases, grain boundary cracking occurs in the 304 and 316 steels
‘given sensitizing treatment. Grain boundary cracking occurred in
304 steels at concentrations of 25% or less, while it occureédiin
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316 steels at a higher concentration than in the 304 steels
(35%). Okada et al. [117] studied the various factors affecting
the forms of the cracks and reported that graln boundary cracking
tends to occur:s more readily Whén the Mo content is increased or
when negative polarization cccurs while at the same time the con-
centration of the boiling MgCl, solution is lowered. It is be-
lleved that the fact that grain boundary cracking tends to occur
more easily as the concentration of the boiling MgCl, solution
Isidawered may be explained by the fact that the corrosiveness
oftthensolution is weakened, producing condlitions which cause
elution to cccur preferentlally at the grain boundary part, as
compared with theiinterior of the grain. The fact that grain
boundary cracking occurs in 316 steel in bolling MgClp solutions
with a hlgher concentration than is the case In 304 steels, as
Okada et al. have also pointed out, 1s because the corrosion
resistance ls relatively increased because Me 1s contained. It
has been reported [12f] that when sensitizationtisupenfionhedl v ly
graim-boundary cracking tends to occur more easily in bolling

20% NaCl soluticns. These results can also be explained from

the fact that grain boundary cracking tends to occur more readily
when the corrosiveness of the solution wegkens.

Many attempts have been made to separate the induction time
(t1) and the propagation time (tp) of stress corrosion cracking,
for instance by measuring the potential-time curves or by
measuring the changes in elongation [9, 10, 13-15]. However,
opinions«differ among researchers concerning the point in time at
which the propagation periocd may be regarded as beginning. The
writers measured the temporal changes of the natural potential.
They separated ti and tp at the point of time when destriiction of
the film took precedence over 1ts repair.and when the potential
began to drop continuously, that 1s, at the peak potential. The
results for 304 steel and 316 steel are shown in Flgs. 4 and 5.
That is, the results. for the 304 steel were 120~160°C, and the
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results for the 316 steel were 134-160°C. At temperatures lower
than these, there were few changes'in the potential, and separa-
tion was lmpossible. However, since not even microscopic cracks
can beubbserved after testing of 304 steel at 111°C or of 316
steel at 126°C, it is though t.that the minimum value of the in-
ductlon time for 304 steel Is present at about 120°C, and thatifior
316 steel 1s present at about 130°C. The induction time for
cracking with reference to the boiling poilnt of the boiling Mgll,
solution 1s represented schematically in Fig. 14. The minimum
value of the induction time is dis-
playediin a solution having a definite

¢orrosiveness, while the beolling point
(concentration) displaying the mini-

mum value differs depending upon the

Induction time

corrosion resistance properties of
the materials. This indicates that

Fime

stress corrosion cracking depends on
the relative connectlons between

Repcsarvation or Dusolvtron Rote

the repalilr velocity and the des-
truction velocity of the film [6].
It is believed here that cracking

Boitng Fomt of 84Ciy Solyteon —= High

Fig.14 Schematic figure illustrating corrosion
condition for stress corrosion cracking

cannct occur in zone (I) because

the corrosiveness of the &olution is /1327
too weak and the repalr velotdtywofibthedfilidm 1s too rapid, and
that 1t cannot occur in zone (III) because there 1ls a strong
corroslveness, and there are overall corrosive properties. It
is believed that, 1n order for cracking to occur in zone (I), 1t
is necessary elther for the pH to decline or for oxidizing agents
such asudissolved'oxygen to be present. On the other hand, as has
already been mentioned, the fracture time displays its minimum
value because the fracture time is expressed as the total of the
inductlon time and the propagatlion time of cracking. The bolling
point (concentration) displéying the minimum fracture time shifts
depending upon the elements added because the compoénent elements
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influence each other with respect to the inductlen time and the
propagatlion time, respectively.

There are many reports concerning the effects of the com~
ponent elements on stress corrosion cracking, but they deal mostly
with results obtained in boiling 42% MgCl, solutions. In this
report, we studied the effects of the component elements on stress
corrosion cracking mainly in austenltic stainless steels con-
8isting basically of 17Cr - (10-13)Ni steel. The studies were
made in boiling MgCls solutions of various concentrations. Next,
on the basis of these results, let us make comparative studiles
of the manner in which the effects of the component elementswvary
depending upon the concentration of the MgCls solution, taking
the effects of the component elements in boiling 42% MgCl, solu-
tions as the standard.

On the basis of results obtained in boiling 42% MgCls solu-
tions, C 1s regarded as being an element which brings about a
remarkable reduction of the stress corrosion cracking suscepti-
bility [4~7, 16, 17], although there are also reports indicating
that there is the greatest cracking susceptibility when the C
contents are 0.06-0.1% [18220]. It is believed that this is so
because C operates as an austenlfe stabllizing element while it
also converts the dislocation distribution into a cellular dis-
tribution [21, 22]. In the results obtained in these experiments
as well, C caused remarkable reductlions of the cracking suscepti-
bility in boiling MgCls solutions of more than!li0°C; these
results coincided with the past resultsiiobtained inbbolling hog
MgCls solutions. However, no effects of C can be observed at
temperatures of 125-140°C. From the phenomenal standpoint, the
effects of C act to expand zone (III) in Fig. 14 in the direction
of the lower temperatures, On the other hand, C also causes
pronounced reductions in the cracking susceptibllity at tempera-
tures of lower than 125°C. " However, as was already mentioned,
when the concentration of the boiling MgCl, solution decreases,
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_graln boundary cracking tends to occur easily; therefore, the
effects of C on the cracking suscéptibility will differ under
conditions where sensitizatlon takes place and Cr-starved parts
are formed. That is, the‘gréatér is the C ceontent, the greater
wlll be the extent of the Cr-starved parts which are formed, and
the greater will be the susceptibility to grain boundary cracking.
Since C 1s an element which is effective with respect to cracking
inside the grailn but which, on the contrary, is harmful with
respect to grain boundary cracking, the cracking susceptibility

is determined by means of the combination of both [23].

Si is another element which causes pronounced reduction of
the cracking susceptibility in boiling L42% MgCl, solutions (4-7,
19, 20, 243. When Si 1s added at concentrations of 1.5-2.0% or
higher, almost nc stress corrosion cracking will occur. In the
results of these experiments as well, Si brought about pronounced
reductions in the cracking susceptibility in boiling 42% MgClo
solutlions. However, no pronounced effects of Si can be observed
at temperatures of less than 130°C. It 1is belleved that the fact
that the eracking susceptibillty is reduced remarkably in boliling
42% MgCls solutions does not have anything to do with structural
considerations [21]. Rather, 1t is believed that Si accelerates
active resolution, and the protective properties of the film
decline [7].

Concerning Cu, there are reports whichiuhold thatiin boliing
42% MgCly solutions 1t somewhat 1ncreases the cracking suscepti-
bility [7], but in other reports i1t is argued that 1t has almost
no effects on the cracking susceptibility [18, 25]. In the rewul
sults of these experiments as well, in bolling 42% MgCl2 soluz -
ticns, no difference could be observed in the cracking suscepti-
bility between <0.01% Cu and 1.07% Cu. However, this is so
because there is a somewhat high content of P, which causes a
pronounced increase in the cracking susceptibility. It 1s
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believed that the adverse effects of Cu appear when the P con-
tents are lowered [7]. On the other hand, at temperatures lower
than 1252C, Cu was observed to have the effect of reducing the
cracking susceptibility. Thése résults coincide with the results
showing that Cu causes a pronouncéd reduction of the cracking
susceptibility, in bolling 20% NaCl selutions, which are only
weakly corrosive [23]. This is believed to be on account of

Cu's effect in improving the corrosion resistance properties [7).

There are many reports concerning the effects of N1, All
the reports agree that, when the Ni contents are increased, the
alloys become immune to cracking [1-3, 5, 19, 20, 24]. However,
the amounts of Ni which give immunity differ depending upon
differences in the baslec components or the amounts of impurities
such as P or N. Among the possible causes of the effects of N1
are the effects on both the structural [21, 26, 27] and the
electrochemical [6, 28] aspects. In the effects of these experi-
ments as well, Ni brought about reductlons in the cracking sus- /1328

ceptibility. However, 1t became clear that this effect is most
pronounced at temperatures of 145-155°C and that the effect
ceasesd to be pronounced at low temperatures. Ni differs from
the other component elements in that it displayed no tendency to
cause shifts of the boiling point (concentration) displaying the

minimum fracture time.

The effects of Cr differ depending upon the amounts of Ni
present. In the results obtained in bolling 42% MgCl, solutions,
some reports indicate that it somewhat increasesithe cracking
susceptibility [24], while there are other reports indicating .that
the maximum cracking susceptibility occurs at a Cr concentration
of about 20% [25]. It was learnéd as a result of these experi-
ments that in boiling L42% MgClo solutions ilncreases of the Cr
content led fo increases in the cracking susceptibility, but that
no pronocunced effects of the:Cr could be observed at temperatures

€3
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of less than 130°C.. The effects when the Cr contents were re-—
duced tended toﬂbe‘the samé as thé effects when the 81 contents
were increased, as described above. Tt 1s believed thatithe
decline of the cracking susceptibility in bolling 42% MgCl,
sclutions when the Cr contént is réduced 1s because the corrosion
resistance declines and the protective properties of the film

-

decrease [T].

It has been reported that Mo is a harmful element for stress
corrosion cracking in boiling 42% MgClz solutions and that the
cracking susceptibiliity wilill Inerease remarkably when even
0.1-0.2% of it 1s contalned as an impurity [5, 7, 161, However,
there are also reports stating that there is the greatest
crackling susceptibility at MJ contents of 1-2%, but that, on the
contrary, cracking susceptibility declines at contents greater
thatr»this [18]. On the other hand, it 1is reported that, in 20%
NaCl sclutions, Mo 1s an element which causes remarkable reduc-
tions in the cracking susceptibility [29]. The effects of Mo
differ depending upon the environment. In these experiments,
we studied the effects of Mo in 17Cr-13Ni steels and the effects
of minute quantities of Mo in 18Cr-10Ni steels. It was ascer-
tailned, as a result, that in boiling 42% MgClo solutions Mo causes
pronounced increases in the cracking susceptibility. On the
other hand, when the effects of Mo at temperatures lower than
130°C are examined, it 1s clear that stainless steels containing
no Mo at all display the smallest susceptlbility to cracking.
However, when 0.96% Mo¢and!1.96% Mo stainless steels are com~
pared, it is obvious that Mo causes a reduction of the cracking
susceptibility. This coincides with the differences in the
susceptlbility to stress corrosion cracking between 304 steels
and 316 steels at temperatures dower than 130°C, as mentioned
above. This indicates that there is am Mo quantity in the
vicinity of 1% at which the cracking susceptibility is increased
tov thevmaxtmum in a 130°C solution. The fact that the cracking
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susceptibility is increased by Mo concentrations of up to 1%

is probably explained by the fact that Mo acts to change the
dislocatien arrangement into a planar one [28, 30]. On the

other hand, it is believed that the fact that the cracking sus-~
ceptibility is reduced by Mo concéntrations of more than 1% may

be expilained by the fact that the improvement of the corrosion
resistance brought about by Mo has a pronounced effect on the
cracking susceptibility [7]. Naturally, the amounts of Mo which
increase the cracking susceptibility to the greatest degree differ
depending upon the corrosive properties of the solution.

It has been observed that N i1s harmful [5, 16, 17, 19, 20].
The possible explanations for this may be that 1t acts to
convert the dislocations into planar ones [21, 28] or that it
Increasesithe cracking susceptibility by segregating in the
dislocations [31, 32]. It wasalso. confirmed: in the results of
these experiments that N lncreases the cracking susceptibility.
However, the adverse effects of N are less than those of P,

P is an element which remarkably increases the cracking
susceptibility. The writers [8] examined the effects of P and N
in 18Cr-10N1i steels in boiling MgCl, solutlons of 154°C. They
stated that when the P content is less than 0.003%, there wlll be
immunity teo étress corrosion cracking regardless of the N con-
tents. They reported that the fact that P causes an increase in
the cracking susceptibility is attributable to the fact that it
converts the dislocation arrangement into a planar one, while at
the same time helghtening the protective properties of the film
and accelerating local corrosion. It has also been observed that
when the P contents lncrease there occurs elution with a specific
erystalline orientation [33]. In the course of these experiments
as well, it was ascertained that, when the P contents are reduced,
this will reduce the cracking susceptiblility, especiaily in
boiling MgCl, solutions with concentrations of 427 or‘gréater.
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However, cracking willl begin to occur when the concentration 1s
lowered, such as in boiling 40% MgClo solutlons (138°C), and the
corrosive properties areuosomewhat wéakened. This shows that

the relative velocity of film répair and elution in these solu-
fions provides corrosion conditions favorable for the occurrence

of cracking.

On the basis of the bolling point (concentration) / fracture
time curveswof the boiling MgClp solutions for the component
elements studied in the preceding (C, S8i, Cu, Ni, Cr, Mo, N, and
P), it is possible, on the phenomenal level, to classify these
elements into the following three types. One type consists of C
and Si. The greater is the amount of these elements contalned,
the farther the bolling point displaying the minimum fracture
time moves towards the lower temperatures, and the less will be
the cracking susceptibility 1n bolling 42% MgCl, solutions. This
fact means that C and Si expand zone III in Fig. 14, spreading it
out towards the lower temperature region. However, S1 does not
exert a great influence on the cracklng susceptlhility at a
point below the bolling point (concentration) displaylng the
minimum fracture time. A second type includes Cu, Cr, Mo, N, and
P.. As the contents of these elements increasey.the farther will
the bolling point displaying the minimum fracture time move
towards the higher temperatures, causing:a pronounced increase in
the cracking susceptibility in boiling 42% MgClo solutions.
However, although Mo and Cu improve the corrosion resistance, at
lower temperatures they act to reduce the crack susceptibility.
This means that they expand zone I in Fig. 14, spreading it out
towards the hligher temperatures. A third type is Ni. This
element;' causes a reduction of the cracking susceptibility
throughout the entire temperature range without causlng any
shifts of the boiling polnt (concentratioti)} dlsplaying the mini-
mum fracture time. However,iitsreffect 1s most pmonounced at
145-155°C,
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V. Coneclusion

In order to elucidate the effects of the component elements
on the stress corrosion cracking of austenitic stainless steels,
we studied the properties of stainless steels sold on the market
and the effects of component elements such as C, Si, Cu, Ni, Cr,
Mo, N, P, and minute quantities of Mo in bolling MgCl, solutlons
of wvarious concentrations. The following facts were clearly
establlished as a result.

(1) Studies of the stress corroslon cracking susceptibility
of stainless steels sold on the market revealed the following:

(1) The lower limits of the MgCl, concentration at which
cracking occurred in 304, 321, and 347 steels were 20-25%. On
the other hand, the lower limit was 35% MgCl, in 316 steels, which /1329
have a higher corroslon resistance. In Carpenfter 20 steel,
cracking would occur only in a 45% MgClo solution.

(ii) As the concentration of the boling MgCls solutions
decreased and the corrosive properties weakened, gralin boundary
cracking occurred in sensitized 304 and 316 steels. Grain
boundary cracking occurred in 316 steels, whlch have a high cor-
rosion reslstance, 1in Mg012 solutions having higher concentra=
tions than in the case of 304 steels.

(2) The induction time and propagation time of cracklng were
separated on the basis of the temporal changes in the natural
potential of the 304 and 316 steels and on the basis of miecro-
scoplic ébservations, The relationships with the boilling points
of the bolllng MgCls; solutions were then sought. The following
findings were obfained as a result.

(i) Tt 1s belileved that the minimum value of the induction
time is displayed at about 120°C in 304 steels and at about 130°C
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in 316 steels. On the other hand, the propagation time becomes
shorter as the bolling polnt rises.

(i1i) The fact that the boiling point (concentration) / frac-
ture time curves of bolling MgClpy solutions display a minimum
value is because the fracture time 1s expressed as the sum of
these,

{3) The bolling point (concentration) / fracture time curves
of the boiling MgClh solutions were sought for various types of
stainless steel in which the contents of the component elements
were varied. As a result, it was clearly establlished that they
can be classified into the following three types of elements:

(1) C and 81 cause the boiling point displaying the mini-
munm fracture time to shift towards the lower temperatures and
cause the cracking susceptibility in bolling L2% MgCl, solutions
to decline. However, at lower temperatures, Si does not have a
great influence on the cracking susceptibility.

(11} Mo, N, P, Cr and Cu cause the bolling point displaying
the minimum fracture time to shlft towards the higher tempera-
tures and cause an lncrease of the cracking susceptibility in
boiling 42% MgCls solutions. However, Mo and Cu cause a decrease
of the cracking susceptibility at low temperatures.

(iii) ©Ni causes a decrease of the cracking susceptibility

throughout the entire temperature region without causing any
shif.ts of the boiling polnt displaying the minimum fracture time.
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